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Diet	 is	an	 important	determinant	of	 fitness-	related	traits	 including	growth,	 repro-
duction,	and	survival.	Recent	work	has	suggested	that	variation	in	protein:lipid	ratio	
and	 particularly	 the	 amount	 of	 protein	 in	 the	 diet	 is	 a	 key	 nutritional	 parameter.	
However,	the	traits	that	mediate	the	link	between	dietary	macronutrient	ratio	and	
fitness-	related	traits	are	less	well	understood.	An	obvious	candidate	is	body	compo-
sition,	 given	 its	 well-	known	 link	 to	 health.	 Here,	 we	 investigate	 the	 relationship	
between	dietary	and	body	macronutrient	composition	using	a	first-	generation	labo-
ratory	population	of	a	freshwater	fish,	the	three-	spine	stickleback	(Gasterosteus acu­
leatus).	 Carbohydrate	 is	 relatively	 unimportant	 in	 the	 diet	 of	 predatory	 fish,	
facilitating	the	exploration	of	how	dietary	protein-	to-	lipid	ratio	affects	their	relative	
deposition	in	the	body.	We	find	a	significant	effect	of	lipid	intake,	rather	than	pro-
tein,	 on	 body	 protein:lipid	 ratio.	 Importantly,	 this	 was	 not	 a	 result	 of	 absorbing	










that	 the	 conversion	and	excretion	of	protein	 is	one	of	 the	 causes	of	 the	 survival	
costs	associated	with	high-	protein	diets.
K E Y W O R D S
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1  | INTRODUCTION
Variation	in	diet	is	well	known	to	be	a	critical	determinant	of	fitness-	
related	 traits	 such	as	growth,	 reproduction,	 and	survival	 (Fontana	&	
Partridge,	 2015;	 Partridge,	 Gems,	 &	 Withers,	 2005).	 In	 particular,	
dietary	 restriction	 (DR),	 a	 reduction	 in	 the	 intake	of	 calories	or	par-
ticular	macronutrients,	has	been	 shown	 to	extend	 lifespan	and	pro-
tect	against	age-	related	diseases	in	the	majority	of	species	studied	to	
date	 (see	Speakman	&	Mitchell,	 2011;	Nakagawa,	 Lagisz,	Hector,	&	
Spencer,	2012;	Selman,	2014	for	recent	reviews).	It	is	widely	accepted	
that	 this	 lifespan	extension	 can	be	 achieved	 through	 a	 reduction	 in	
calorie	intake	(McCay,	Crowell,	&	Maynard,	1935;	reviewed	Speakman	
&	 Mitchell,	 2011).	 However,	 recent	 research	 has	 rejuvenated	 the	
suggestion	that	variation	 in	the	ratio	of	specific	macronutrients,	and	
in	particular	 a	 reduction	 in	 the	protein	 content	of	 the	diet,	 is	 a	 key	
component	of	the	relationship	between	diet	and	lifespan	(Carey	et	al.,	
2008;	Lee	et	al.,	2008;	Maklakov	et	al.,	2008;	Fanson,	Weldon,	Pérez-	




rently	known.	An	obvious	starting	point	 is	 the	 relationship	between	








Calorie	 restriction	 is	well	 known	 to	 affect	 body	weight	 (McCay	
et	al.,	 1935)	 but	 is	 also	 suggested	 to	 affect	 body	 composition,	 par-















Similar	 to	 calorie	 restriction,	 changes	 in	 dietary	 macronutrient	
composition	result	in	changes	to	both	body	composition	and	lifespan.	
For	example,	 it	has	been	shown	that	mice	fed	high	protein:carbohy-
drate	 ratio	 diets	 have	 reduced	 body	 fat	 (Huang	 et	al.,	 2013;	 Solon-	
Biet	et	al.,	2014;	Sørensen,	Mayntz,	Raubenheimer,	&	Simpson,	2008),	
but	 surprisingly	 not	 the	 longest	 lifespan	 (Solon-	Biet	 et	al.,	 2014).	
However,	a	different	study	found	little	to	no	effect	of	changing	dietary	
protein:carbohydrate	ratio	on	body	fat	mass	(Mitchell	et	al.,	2015).	In	
Drosophila melanogaster,	 body	weight	 and	 lipid-	free	 bodyweight	 in-














merely	being	absorbed	 in	 relation	to	their	 relative	abundance	 in	 the	
diet.	 It	 is	known	that	the	body	has	a	 limited	capacity	for	storing	ex-
cess	protein,	with	surplus	nitrogen	being	excreted	as	urea	(Delimaris,	
2013;	Heaney,	 1998;	Tarnopolsky	 et	al.,	 1992).	However,	 there	 is	 a	

















agriculture	 and	aquaculture	would	 seem	 to	 support	 this;	when	pro-
tein	 is	 limiting,	 individuals	appear	 to	prioritize	protein	 ingestion	and	
consequently	overconsume	lipid	and	carbohydrate,	resulting	in	greater	
adiposity	 (Aletor,	Hamid,	Niess,	&	Pfeffer,	2000;	Andrews	&	Ørskov,	
1970;	 Donaldson,	 Combs,	 &	 Romoser,	 1956;	 Ruohonen,	 Koskela,	







particular	 nutrients	 and	 that	 the	 cost	 of	 an	 imbalanced	 diet	 is	 due	
to	 the	 costs	of	 these	 selective	processes	 (Fanson,	Fanson,	&	Taylor,	
2012).	Under	this	scenario,	body	and	diet	macronutrient	compositions	
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ability	 to	 find	new	 food	 sources,	 thus	explaining	 the	 commonly	ob-
served	 biphasic	 pattern	 of	 activity	 (reviewed	 Speakman	&	Mitchell,	





Finally,	 the	 effect	 of	 diet	 appears	 to	 be	 sexually	 dimorphic,	
with	 lifespan	 extension	 under	 DR	 greater	 in	 females	 than	 males	
(Nakagawa	et	al.,	2012	but	see	Speakman	et	al.,	2016).	It	is	thought	
that	this	sex	difference	is	a	result	of	a	differences	between	males	and	
females	 in	 their	 investment	 in	 reproduction	 (Shanley	&	Kirkwood,	
2000;	but	see	Moatt,	Nakagawa,	Lagisz,	&	Walling,	2016),	but	work	



























carcass	 body	 composition.	 Furthermore,	 we	 expected	 carcass	 fat	
content	to	be	higher	with	high	 lipid	 intake	and	 low	protein	 intake.	
For	endurance	and	activity,	we	predicted	that	endurance	would	be	
greater	on	high-	protein	diets,	as	protein	is	important	for	muscle	de-
velopment	while	 activity	would	 be	 higher	 on	 low-	protein	 diets	 to	





Experimental	 individuals	 were	 first-	generation	 offspring	 of	 wild-	
caught	three-	spine	sticklebacks.	Parents	were	collected	in	the	spring	














Fish	were	housed	 in	plastic	 tanks	 (30	×	20	×	20	cm),	provisioned	


















diets	 differ	 in	 carbohydrate	 content	 (Table	1),	 this	 was	 indigestible	
to	 the	 fish.	 To	 test	 for	 a	 correlation	 between	 protein	 and	 lipid,	we	
use	their	relative	abundance	 (%)	 in	the	raw	diet	 (g).	However	 if	you	













In	 the	 majority	 of	 studies	 where	 macronutrients	 are	 manipu-
lated,	diets	are	provided	ad	libitum	with	food	available	at	all	times.	
However,	as	food	degrades	rapidly	 in	water,	this	feeding	regime	is	










much	 of	 the	 ration	was	 consumed.	Therefore,	we	 do	 not	 present	
intake	data	on	 an	 individual	 or	 a	 tank	 level	 (e.g.,	 Solon-	Biet	 et	al.,	













weight	 against	 the	 log	 of	 length	 for	 all	 fish	measured	 in	 this	 study	









temperature	 water.	 Fish	 were	 exposed	 to	 two	 currents,	 generated	
within	 the	 swim	 chamber,	 initially	 a	 slow	 current	 (4	cm/s)	 for	 5	min,	







the	 trail,	 the	 fish	was	 removed	 to	 a	 recovery	 tank	 and	a	50%	water	
change	performed	before	another	trial	was	initiated.	Temperature	was	
recorded	 every	 two	 hours	 and	 then	 converted	 into	 a	 daily	 average.	
Swimming	endurance	was	taken	as	the	time	an	individual	was	able	to	















Activity	 was	 measured	 as	 the	 total	 time	 spent	 moving	 during	 the	
eight-	minute	assessment	window.	Following	the	assessment	period,	
the	fish	was	removed	and	a	100%	water	change	was	performed	prior	
to	 the	next	 trial,	 thereby	ensuring	 there	were	no	chemical	 cues	 re-
maining	in	the	water	which	could	affect	the	next	trial.

















67.5 6.6 15.8 10.2:1 13.8
33.2 3.9 53.1 8.5:1 7.1
59.3 13.0 16.1 4.6:1 14.8
51.6 20.5 17.8 2.5:1 16.3
31.2 19.2 39.7 1.6:1 12.4



























the	 packages	 Lme4	 (Bates,	Mächler,	 Bolker,	&	Walker,	 2015)	 and	
MCMCglmm	 (Hadfield,	 2010).	 Tank	 and	 family	 of	 origin	 were	 in-





carcass	dry	weight	 included	as	 a	 continuous	 covariate	 to	 account	
for	differences	 in	size.	Protein	and	 lipid	content	of	the	diets	were	
not	strongly	negatively	correlated	(see	Fig.	S1);	therefore,	we	fitted	
models	 to	 try	 to	 separate	 the	effects	of	dietary	protein	 and	 lipid.	
These	models	included	the	same	fixed	and	random	effects	as	above,	









cause	 this	 data	were	 exponentially	 distributed,	with	 a	 number	 of	
fish	swimming	for	the	full	25	minutes.	To	minimize	autocorrelation	






There	were	no	significant	differences	 in	 initial	weight	or	 length	be-
tween	 the	 treatments	 (LME;	 weight:	 χ2 = 2.11; p = .716;	 Fig.	 S2;	
length:	χ2 = 1.33; p = .857).	However,	there	was	a	marginally	nonsig-
nificant	difference	between	the	sexes	in	initial	weight	(LME;	χ2	=	3.38;	
p = .066)	and	a	significant	effect	of	sex	on	initial	length	(LME;	χ2 = 4.75; 
p = .029),	with	females	being	slightly	larger	than	males	(mean	weight	
(g)	±	SE:	 females	 0.43	±	0.02;	 males	 0.38	±	0.02;	 mean	 length	
(mm)	±	SE:	females	34.20	±	0.64;	males	32.58	±	0.58).	The	marginally	
nonsignificant	 difference	 in	 initial	weight	 between	 the	 sexes	 disap-
peared	by	the	final	weighing	(LME;	χ2	=	0.98;	p = .323)	but	remained	
significant	 for	 length	 at	 final	 measuring	 (LME;	 χ2 = 4.21; p = .040; 
mean	 length	 (mm)	±	SE:	 females	 44.60	±	0.64;	 males	 42.96	±	0.79).	
There	was	a	significant	effect	of	diet	on	final	weight	(LME;	χ2	=	18.44;	








































Investigating	 the	 effect	 of	 the	 protein	 and	 lipid	 content	 of	 the	
diet	 separately	 revealed	 that	 the	 carcass	 protein:lipid	 ratio	was	 sig-
nificantly	 linearly	 influenced	 by	 the	 percentage	 of	 lipid	 in	 the	 diet	
(LME;	χ2 = 37.16; p < .001),	but	not	the	percentage	of	protein	(LME;	
χ2	=	1.79;	p = .180;	Fig.	S7),	with	the	protein:lipid	ratio	of	the	carcass	
decreasing	with	increasing	lipid	content	of	the	diet	(Figure	2b).	Carcass	




protein	and	 lipid	content	of	 the	carcass	 rather	 than	 their	 ratio.	Diet	
had	 a	 significant	 effect	 on	 both	 protein	 (LME;	 χ2 = 53.06; p < .001; 
post	 hoc	 analysis	 Table	 S9)	 and	 lipid	 content	 (LME;	 χ2	=	42.59;	
p < .001;	post	hoc	analysis	Table	S10)	of	the	carcass	when	controlling	
for	variation	in	dry	weight	(LME:	Protein:	χ2	=	381.52;	p < .001.	Lipid:	
χ2	=	261.91;	 p < .001),	 with	 protein	 content	 of	 the	 carcass	 increas-
ing	 and	 lipid	 content	 decreasing	 as	 the	 dietary	 ratio	 of	 protein:lipid	
increased	 (Fig.	 S8).	However,	 as	with	 carcass	protein:lipid	 ratio,	 this	
was	driven	by	a	 linear	effect	of	dietary	 lipid	content,	 rather	 than	an	
effect	of	dietary	protein	content:	There	was	a	negative	linear	effect	of	
dietary	 lipid	on	carcass	protein	and	a	positive	effect	on	carcass	 lipid	
(LME;	Carcass	protein	χ2	=	38.23;	p < .001;	Carcass	 lipid	χ2 = 37.50; 
p < .001;	respectively;	Fig.	S8),	but	no	effect	of	dietary	protein	(LME:	
Carcass	protein	χ2	=	0.28;	p = .600;	Carcass	 lipid	χ2 = 0.17; p = .677; 
Fig.	S8).	Finally,	there	was	a	significant	effect	of	sex	on	carcass	 lipid	
content	(LME;	χ2 = 7.76; p = .005),	with	males	having	greater	lipid	con-
tent	of	the	carcass	(mean	lipid	content	(%)	±	SE:	males	28.09	±	1.10,	




significant	effect	of	sex	on	ash	content	(LME;	χ2 = 5.00; p = .025),	with	
females	 having	 greater	 ash	 than	males	 (mean	 ash	 content	 (%)	±	SE: 
males	15.09	±	0.63,	females	16.91	±	0.63).
3.3 | Testes mass
There	 was	 a	 positive	 linear	 effect	 of	 final	 weight	 on	 testes	 mass	






3.4 | Swimming endurance and activity
The	 censored	 exponential	 model	 revealed	 no	 significant	 effect	 of	
diet,	 sex,	 weight,	 or	 water	 temperature	 on	 swimming	 endurance	
(MCMCglmm;	all	p > .08;	Table	S11).	To	assess	activity,	we	analyzed	
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total	time	spent	moving	during	the	eight-	minute	assessment	window.	
This	revealed	no	significant	effect	of	diet,	sex,	or	weight	on	activity	
level	(LME;	Diet:	χ2 = 3.07; p = .547;	Sex:	χ2	=	0.691;	p = .406;	Weight:	
χ2	=	0.844;	p = .358;	Table	S12).
4  | DISCUSSION
Diet	 is	 known	 to	 be	 an	 important	 determinant	 of	 key	 fitness	 traits	






body.	 Interestingly,	our	 findings	 suggest	 that	 individuals	are	able	 to	
alter	their	utilization	or	uptake	of	 ingested	macronutrients,	with	the	
ratio	 of	 protein:lipid	 in	 the	 carcass	 being	 vastly	 different	 from	 that	
of	 the	diet.	 Furthermore,	we	 found	no	 effect	 of	 dietary	 protein	 in-
take	 on	 body	 composition,	 rather	 carcass	 protein	 and	 lipid	 content	
was	predicted	only	by	dietary	lipid	intake.	Although	the	protein	lev-



















ing	 in	vastly	 different	macronutrient	 ratios	 in	 the	 carcass	 compared	
to	the	body.	Furthermore,	the	range	of	protein:lipid	ratios	was	1.4:1	
to	3.9:1	 in	 the	 carcasses,	 but	was	1.6:1	 to	10.2:1	 in	 the	diets.	This	






































(Table	1),	 fish	 on	 lower	 energy	diets	 could	 increase	 their	 intake	 and	
avoid	 caloric	 restriction.	 Only	 fish	 on	 the	 2.5:1	 diet	were	 different	
in	size,	being	significantly	 larger	than	all	other	fish	 in	all	other	diets.	
Interestingly,	 the	protein:lipid	ratio	 in	this	diet	 is	closest	to	the	ratio	








with	a	balance	of	protein	and	 lipid	and	 that	high	 levels	of	no	single	
dietary	component	can	generate	high	levels	of	growth.
Our	results	also	provide	evidence	of	sexual	dimorphism	in	body	
composition,	 with	 males	 being	 significantly	 shorter	 and	 having	
greater	 fat	 deposits,	 and	 females	 being	 longer	 and	 having	 higher	
bone	 and	mineral	 deposits	 (indicated	 by	 the	 higher	 ash	 content).	
These	 findings	 fit	with	 a	 previous	 study	 (Kitano,	Mori,	 &	 Peichel,	
2007),	 where	 female	 G. aculeatus	 were	 also	 found	 to	 be	 longer	
than	males.	We	 suggest	 that	 this	 is	 likely	 a	 result	 of	 the	different	
reproductive	behaviors	exhibited	by	the	sexes.	When	reproducing,	
male	 three-	spine	 sticklebacks	 defend	 territories,	 construct	 nests,	
court	females,	and	fan	eggs,	which	likely	impacts	on	their	ability	to	
forage	 (Wootton,	 1984).	Therefore,	males	 potentially	 invest	 in	 fat	






despite	 calorie	 restriction	 being	 known	 to	 affect	 activity	 and	 en-
durance	(reviewed	Speakman	&	Mitchell,	2011).	However,	 individ-
uals	 in	 the	 current	 study	were	 fed	 ad	 libitum	and	 could	 therefore	
obtain	 sufficient	 energy	 to	 maintain	 activity	 levels.	 Additionally,	
as	 discussed	 above,	 fish	 appeared	 able	 to	 selectively	 utilize	 their	
ingested	macronutrients	 and	 therefore	may	 not	 have	 been	 under	
major	macronutrient	 imbalance;	 thus,	 there	was	no	 stimulation	 to	
increase	activity	 levels.	Alternatively,	 these	 findings	could	 suggest	




Finally,	we	 found	 no	 direct	 or	 indirect	 effect	 of	 diet	 on	 testes	
mass.	This	 could	 reinforce	 the	 suggestion	 that	 the	 testes	 are	 pro-
tected	 from	 the	 effect	 of	 diet	 (Mitchell	 et	al.,	 2015).	Alternatively,	
it	 could	 suggest	 that	 testes	 size	 in	 the	 three-	spine	 stickleback	 is	 a	
low-	cost	reproductive	trait,	and	thus	that	the	effect	of	diet	is	corre-
spondingly	small	and	therefore	difficult	to	detect	(Moatt	et	al.,	2016).







2015;	 Ponton	 et	al.,	 2015;	 Skorupa	 et	al.,	 2008;	 Solon-	Biet	 et	al.,	
2015;	Sørensen	et	al.,	2008),	our	results	suggest	 lipid	 intake	 is	 the	
key	determinant	of	body	composition,	rather	than	protein.	Together,	
these	data	suggest	that	the	key	macronutrient	for	determining	body	
composition	may	differ	 between	 species,	which,	 if	 this	 extends	 to	
lifespan,	 has	 striking	 implications	 for	 studies	 of	DR,	where	 effects	
have	been	suggested	to	be	evolutionarily	conserved	(e.g.,	see	Moatt	
et	al.,	 2016;	 Nakagawa	 et	al.,	 2012).	 The	 results	 presented	 here	
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